The photoelectron shake-up satellite spectra that accompany the C1s and O1s main lines of carbon monoxide have been studied by a combination of high-resolution x-ray photoelectron spectroscopy and accurate ab initio calculations. The symmetry-adapted cluster-expansion configuration-interaction general-R method satisfactorily reproduces the satellite spectra over a wide energy region, and the quantitative assignments are proposed for the 16 and 12 satellite bands for C1s and O1s spectra, respectively. Satellite peaks above the −1 * transitions are mainly assigned to the Rydberg excitations accompanying the inner-shell ionization. Many shake-up states, which interact strongly with three-electron processes such as −2 *2 and n −2 *2 , are calculated in the low-energy region, while the continuous Rydberg excitations are obtained with small intensities in the higher-energy region. The vibrational structures of low-lying shake-up states have been examined for both C1s and O1s ionizations. The vibrational structures appear in the low-lying C1s satellite states, and the symmetry-dependent angular distributions for the satellite emission have enabled the ⌺ and ⌸ symmetries to be resolved. On the other hand, the potential curves of the low-lying O1s shake-up states are predicted to be weakly bound or repulsive.
I. INTRODUCTION
Shake-up satellites that appear in the photoelectron spectra are challenging spectroscopic subjects from both theoretical and experimental viewpoints. Theoretically, a precise description of the satellite states is possible only with advanced theoretical methods because the spectra reflect very complex electron-correlation and orbital-reorganization effects. 1 Experimentally, the weak intensities of photoelectron satellites make high-resolution photoelectron spectroscopy difficult.
Recently, scientists have had a renewed interest in studies of the inner-shell photoelectron satellites because significant developments in both high-resolution x-ray photoelectron spectroscopy ͑XPS͒ and accurate theoretical methods have allowed precise knowledge and assignments of the inner-shell satellite spectra to be obtained. A high photon flux with very narrow photon bandwidths, which are available using high-resolution soft x-ray monochromators installed at high-brilliance third-generation synchrotron radiation light sources, 2 has opened the new possibility of detailed spectroscopy for the geometry relaxation in core-electronic states. 3 Vibrational structures, which allow the stable geometry of the states to be discussed, can be observed in a core-level photoelectron satellite spectrum. This situation has further motivated intensive cooperative research from experimental and theoretical sides, on the shake-up states associated with the inner-shell ionization. The inner-shell photoelectron satellite spectra of molecules were measured extensively around 1970. 4, 5 Schirmer et al. observed the first detailed inner-shell satellite spectra of CO in the energy region up to ϳ80 and ϳ60 eV for the C1s and O1s main lines, respectively. 6 Nordfors et al. measured diagrammatic construction ͑ADC͒ method to calculate the satellite spectra up to ϳ22 and ϳ24 eV for C1s and O1s ionizations, respectively. 9 They also studied the low-lying satellite states of ⌸, ⌬, and ⌺ − symmetries. However, these theoretical works addressed only the valence excitations in the low-energy region; Rydberg transitions were not examined. Fronzoni et al. reported the important theoretical assignments for both the C1s and O1s satellite spectra of CO using the quasidegenerate perturbation theory within the configuration interaction ͑QDPTCI͒ method. 10 Recently, Thiel et al. performed the fourth order ADC calculations. 11 In addition, the dynamics of the conjugate satellites were also studied in detail. 12 The QDPTCI results seem to be the most reliable assignments of the satellite spectra over a wide energy region. However, there are still discrepancies in some points between the theoretical results and the experimental spectra. Thus, further intensive cooperative investigations by high-resolution XPS and an accurate theoretical method are necessary to elucidate the fine details of the shake-up satellite spectra that accompany the C1s and O1s main lines of CO.
Recently, we have investigated the vibrationally resolved C1s and O1s main lines of CO ͑Ref. 13͒ and the N1s main line of N 2 ͑Ref. 14͒ both experimentally and theoretically. The potential curves of the inner-shell single-hole states were extracted from the experimentally determined vibrational intensity ratios on the basis of a Franck-Condon ͑FC͒ analysis. The vibrational spectra were well reproduced by ab initio calculations based on the symmetry-adapted clusterexpansion configuration-interaction ͑SAC-CI͒ method. 15 Furthermore, we observed vibrationally resolved photoelectron satellite bands due to the N1s photoionization in N 2 ͑Ref. 15͒ where the two-hole one-electron ͑satellite͒ states of the ⌺ and ⌸ symmetries were resolved using an angle-resolved technique. Ab initio calculations based on the SAC-CI method well reproduced the vibrational excitation of the observed satellite bands. The gerade and ungerade splittings of the shake-up satellite states were calculated to be quite small compared to the main line.
In the present work, the inner-shell satellite spectra of CO are measured by the high-resolution XPS and analyzed in detail by the SAC/SAC-CI method. 15 The vibrational levels of the low-lying C1s satellite states are also investigated with the angle-resolved measurements and accurate potential energy curves, as briefly illustrated in our preliminary report. 16 In the present paper, we also discuss the vibrational levels of the O1s satellite states. The theoretical method applied here is the SAC-CI general-R method, 17 which has been designed to accurately describe multiple-electron processes. This method is useful for studying the satellite peaks which appear in both the valence 18 and inner-shell [19] [20] [21] [22] ionization spectra. Recently, we have successfully applied this method to the various types of core-level spectroscopy studies; the core electron binding energies ͑CEBEs͒ of molecules, 19 This paper clearly shows that the satellite spectra of CO are more characteristic and complex than these molecules.
II. EXPERIMENT
The experiments were conducted at the c branch of the soft x-ray photochemistry beamline 27SU ͑Ref. 23͒ at SPring-8, the 8 GeV synchrotron radiation facilities in Japan. The monochromator installed in this beam line is a Hettrick type with a high resolution between 10 000 and 20 000. 24 Another notable feature of the beamline is a figure 8 undulator 25 as the light source, which enables angle-resolved electron spectroscopic measurements. This undulator can switch the direction of the polarization vector from horizontal to vertical and vice versa solely by varying the gap of the undulator. Measuring the 2s and 2p photoelectrons of Ne confirmed that the degree of light polarization was better than 0.98 for both directions. The electron spectroscopy apparatus installed on the beamline consists of a hemispherical electron analyzer ͑Gamadata-Scienta SES-2002͒ with a Herzog-plate termination and accelerating-retarding multielement, a gas cell, and a differentially pumped chamber. 26 A combination of this electron spectroscopy apparatus and the state-of-the-art soft x-ray beamline provides an excellent opportunity to perform high-resolution XPS. 24, 27 The CO target gas was introduced into the gas cell during the measurements. The background pressure of ϳ10 −4 Pa was measured in the experimental chamber where the gas cell was placed. The wide-range C1s and O1s photoelectron satellite spectra of CO were recorded at photon energies 400 and 650 eV, respectively, with overall experimental resolutions of ⌬E = 160 meV using the horizontal polarization. In addition, the C1s low-energy satellite bands were recorded at two photon energies 310 and 330 eV, with ⌬E = 100 meV using both the horizontal and vertical polarizations. The O1s low-energy satellite bands were recorded at similar high resolutions. However, we have not identified any vibrational structures and the spectrum looks nearly identical to the one recorded at lower resolution. Thus, the data is not presented.
III. COMPUTATIONAL DETAILS
To assign the satellite spectra over a wide energy region, the vertical core-electron ionization spectra were calculated with the R CO fixed to the experimental value of 1.1283 Å. 28 We used extensive basis sets to describe the orbital reorganization and electron correlations so that the quality was similar to our study on H 2 CO; 22 i.e., triple zeta ͑VTZ͒ ͑10s6p͒ / ͓6s3p͔ GTOs for C and O ͑Ref. 29͒ augmented with two polarization d functions 30 and Dunning's Rydberg functions ͓2s2p2d͔.
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The resultant basis sets were ͑12s14p4d͒ / ͓8s8p4d͔ and the number of atomic orbitals ͑AOs͒ was 104.
To analyze the vibrational spectra of the low-lying C1s and O1s shake-up satellite states, we conducted the ab initio calculations of the potential energy curves for the ground state and the 2 ⌺ + , 2 ⌸, 2 ⌬, and 2 ⌺ − satellite states in the region of R = 0.9-1.7 Å. Extensive basis sets of triple zeta ͑VTZ͒ ͑10s6p͒ / ͓5s3p͔ GTOs of the group of Schaefer et al. 29 with two polarization d functions were adopted; the transition to the Rydberg states were well separated from these states.
We used the SAC-CI general-R method to describe the C1s and O1s core ionization and the shake-up satellite spectra. The reference functions were closed-shell Hartree-Fock orbitals; core-localized orbitals were not adopted. We used different sets of R operators for the C1s and O1s ionizations. We investigated the satellites dominantly described by doubles with a considerable contribution of triples. Hence, we included the R operators up to quadruples in the general-R calculation. To describe core-hole relaxation, all the molecular orbitals ͑MOs͒ were included in the active space.
To reduce the computational requirements, the perturbation selection procedure was adopted. 32 Reference functions for perturbation selection were due to the small-active-space SDT-CI vectors to ensure the accuracy up to at least threeelectron processes; this is important for the general-R calculations of the inner-shell satellite spectra. The threshold of the linked terms for the ground state was set at g = 1.0 ϫ 10 −6 a.u., and the unlinked terms were adopted as the products of the important linked terms with SDCI coefficients larger than 0.005. For the inner-shell ionized states, the thresholds of the linked terms, which are doubles and triples, were set at e = 1.0ϫ 10 −7 , and those of the quadruples were set at 1.0ϫ 10 −6 . To calculate the potential energy curves, the threshold of quadruples was also set to e = 1.0ϫ 10 −7 . The thresholds of the CI coefficients used to calculate the unlinked operators in the SAC-CI method were 0.05 and 0.001 for the R and S operators, respectively. Table  I summarizes the dimensions of the selected SAC-CI linked operators employed for the vertical ionization spectra.
The ionization cross sections were calculated using the monopole approximation 33 to estimate the relative intensities of the peaks. Both the initial-and final-ionic-state correlation effects were included.
The calculated potential energy curves were fitted with the extended Rydberg functions, and the vibrational analysis was performed. To simulate the photoelectron spectrum, vibrational wave functions and Franck-Condon factors were obtained using the grid method in which the Lanczos algorithm was adapted for the diagonalization.
The SAC/SAC-CI calculations were executed with the GAUSSIAN03 suite of programs 34 with some modifications to calculate the inner-shell ionization spectra; namely, the reference SDT-CI was enabled in the SAC-CI calculation. The vibrational analysis was performed with the MCTDH program package.
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IV. RESULTS AND DISCUSSION
A. C1s satellite spectrum
First, we have investigated the vertical C1s shake-up satellite spectrum over a wide energy region. Figure 1 presents the SAC-CI general-R spectrum along with the measured XPS spectrum. In the theoretical spectrum, the calculated pole strengths are shown by solid vertical lines and are convoluted using Gaussians with the full widths at half maximum ͑FWHMs͒ of 0.5 eV. Table II summarizes the ionization potentials with the relative energies to the main line, relative monopole intensities, and SAC-CI main configurations for the C1s shake-up satellite states of CO. Only states with relative intensities larger than 0.0005 are listed. Many other states with negligible intensities are not given. The CEBE of the C1s main line is calculated to be 296.13 eV, which is consistent with the recent experimental adiabatic ionization potential ͑IP͒ of 296.069 eV. 36 The present XPS measurement gives a high-resolution spectrum, which contains fine peak structures in some bands due to the vibrational progression and/or numerous satellite states. Our present analysis has identified 16 satellite bands in the energy region of 0 -30 eV.
As seen from Fig. 1 , the theoretical spectrum satisfactorily reproduces the shape of the experimental satellite spectrum, although the intensity of the XPS does not necessarily agree with the theoretical monopole intensity. Satellite band 1 was assigned to the pure −1 * shake-up state. [8] [9] [10] This assignment has also been confirmed in the present calculation; the calculated energy of this state is 8.38 eV, and the observed value is 8.43 eV. The calculated relative intensity is 0.0218, while the experimental values are between 0.025 ͑this work͒ and 0.023. 6 As discussed later, a detailed C-O vibrational analysis of this state is also performed in this energy region using XPS and SAC-CI with two 2 ⌸ states of −1 * transitions. The small structures labeled as a and b are assigned to conjugate satellites and no satellite states with ⌺ + symmetry are calculated in this energy region.
The experimental intensity should be considered when comparing to the theoretical intensity. We chose photon energies that are approximately 100 eV above the threshold. Although this is not near threshold, the cross sections may have not yet become stationary at this energy. The experimental intensities roughly agree with the earlier study of Schirmer et al., which was conducted at a much higher energy, 6 but are not identical. These minor discrepancies may indicate the dynamics of the satellite branching ratios. The strongest band 2 has been previously assigned to the shake-up state arising from the singlet-type −1 * transition strongly interacting with the double excitation −2 *2 .
8-10
The present result is consistent with this assignment. It has been difficult to theoretically reproduce the relative energy of this state; the calculated relative energies were 17.06 and 15.42 eV by the ADC͑4͒ ͑Ref. 9͒ and QDPTCI, 10 respectively, but the experimental values were 15.05 ͑this work͒ and 14.88 eV. 6 The present calculation gave 14.87 eV with a large relative intensity of 0.0336, which agrees reasonably well with the experimental value of 0.039. It is noteworthy that in the case of formaldehyde, the three-electron process n −2 *2 appears in a much lower energy region. 22 Similar to band 1, the fine peak structures observed for this band can be attributed to the vibrational components because there are no other satellite states in this region.
Weak satellite peak 3, which is just below sharp peaks 4-7, is calculated at 17.79 eV with a very small intensity. This peak is dominantly assigned to the double excitation, n −2 *2 transition. 
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4 Ehara et al. J. Chem. Phys. 125, 114304 ͑2006͒ peaks, numerous Rydberg transitions are calculated. These states are described by the linear combinations of Rydberg transitions such as 5 −1 np and 5 −1 nd.
B. Low-lying C1s satellite states
Next, we examine the low-lying C1s shake-up satellite states in the energy region of 8 -10 eV. The preliminary report is given elsewhere. 16 The photoelectron satellites provide evidence for the breakdown of the independent particle picture and are thus called correlation satellites. 1, 37 The correlation satellites can be phenomenologically classified into two groups. 38 The first group includes satellites with excitation cross sections that remain nearly constant relative to the single-hole ionization cross section, while the second group includes those with excitation cross sections that sharply decrease as the energy increases. These two different types of energy dependences have been attributed to the two lowestorder correlation terms, which are often called the direct and conjugate shake-up terms. 39 The conjugate shake-up contribution is significant near the ionization threshold region and rapidly decreases as the energy increases. 37, 39 The conjugate contributions become negligible at high energy due to the sharp drop in the bound-free overlap integral. At this limit, the direct shake-up satellite band mimics the mainline both in the excitation cross section and in the asymmetry parameter ␤ of the electron emission: ␤ approaches the limiting value of two. It should be noted that the direct and conjugate channels may have the same final state and thus interference occurs. 12 The low-lying two-hole one-electron states concerned here have electron configurations of 2 Figure 2 shows the low-lying satellite bands recorded at photon energies of 310 and 330 eV at 0°and 90°relative to the polarization vector of the incident radiation. At 310 eV in the 90°spectrum, two vibrational bands are observed. However, in the 0°spectrum, peaks that are not seen in the 90°s pectrum appear. When the photon energy is increased from 310 to 330 eV, the spectra change dramatically due to a rapid intensity drop of the 90°spectrum and of the same band in the 0°spectrum. These spectra clearly indicate that at least three electronic states are involved.
Based on the observed energy dependence and the angular distribution of the satellite spectra, we can decompose the contributions into the direct and conjugate terms. Using the characteristics of the direct and conjugate shake-up contributions described above, we can assign the three observed vibrational bands in Fig. 2 . The band which appears in the 0°s pectrum at 330 eV nearly disappears in the 90°spectrum and exhibits a very strong anisotropy with ␤ near two. Thus, it is concluded that this band is dominated by the direct shake-up contribution and is assigned to the transition to the ionic final states 2 −1 −1 * ͑ 2 ⌺ + ͒. On the other hand, the two bands, which appear in the 90°spectrum at 330 eV, are attributed to the conjugate shake-up contributions. Thus, these bands are assigned to the transitions to the 2
We have performed ab initio calculations of the relevant potential curves using the SAC-CI method. It should be noted that in the present calculations, the intensities of the 2 ⌸, 2 ⌬, and 2 ⌺ − states are zero due to symmetry, and the intensities of the conjugate satellites cannot be evaluated. Figure 3 shows the resulting potential energy curves of the C1s shake-up satellite states. The overall characteristics of the potential energy curves are similar to those of N 2 .
14 The geometry relaxation by the shake-up ionization of CO is large for the 2 ⌺ + state and the elongation is predicted to be 0.166 Å ͑r e = 1.292 Å͒. This change is almost the same as that in N 2 , 0.164 Å, 14 because the shake-up 2 ⌺ + state is characterized by a − * transition for both molecules. The geometry relaxation for the 2 ⌸ states is much smaller: the equilibrium distances of the lower and higher 2 ⌸ states are r e = 1.168 and 1.194 Å, respectively. The geometry changes of these states, 0.042 and 0.068 Å, are smaller than the corresponding changes for N 2 , 0.066 and 0.091 Å.
14 The differences are because the 2 Fig. 4 compares the SAC-CI theoretical spectra obtained for the 2 ⌺ + states to the experimental photoelectron satellite spectra. The experimental 2 ⌺ + spectrum is approximated by I͑0͒ − cI͑90͒, where I͑0͒ and I͑90͒ are spectral distributions of the 0°and 90°s pectra, respectively, and c is the parameter that represents the contribution from the 2 ⌸ component to the I͑0͒ spectrum. The parameter is set at c = 0.4 so that the vibrational distribution of the ⌺ spectrum is close to the Poissonian. The theoretical spectrum is shifted in energy by −0.23 eV. The theoretical spectrum for 2 ⌺ + has a maximum intensity at vЈ = 6 and reproduces shape of the experimental spectrum. The activation of the high vibrational states is due to the large geometry relaxation. Deviations between the theoretical and experimental spectra in the higher vibrational states are due to errors in the calculated potential curves for large nuclear distances. Figure 4 also compares the SAC-CI spectra for the 2 ⌸ states to the experimental photoelectron satellite spectra recorded at 330 eV, where the 90°spectrum dominantly represents the ⌸ component. The theoretical spectra are shifted in energy by −0.12 and −0.32 eV for the lower and higher 2 ⌸ states, respectively. The relative intensities of the bands were adjusted so that the theoretical spectra agree with the experimental spectra: the vibrational intensity ratios are determined by the FC factors. The higher vibrational levels are less populated than those for N 2 because the 2 ⌸ shake-up satellite states of CO are characterized as n − * transitions, as noted above.
The theoretical spectrum for the 2 ⌬ symmetry appears at higher energies and, as shown in Fig. 5 , peaks at ϳ9.6 eV. The spectrum of the 2 ⌺ − state is essentially the same as that of the 2 ⌬ state. These states are located just above the present vibrational band and the experimental spectra show a 
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continuous shape in this energy region. The shape of the vibrational spectra of these states is very similar to that of the 2 ⌺ + state due to the aforementioned reason.
C. O1s satellite spectrum
In contrast to the C1s spectrum of CO, which has been well studied by some theoretical methods [8] [9] [10] from the CI calculations by Guest et al., theoretical analysis of the O1s satellite spectrum has been very limited. This satellite spectrum has significant orbital relaxation and electron correlations. Therefore, an accurate theoretical study requires the inclusion of the higher-order excitation operators. Actually, Angonoa et al. studied the low-energy region with ADC͑4͒, 9 but their calculated spectrum differs from the experimental one. Fronzoni et al. performed the QDPTCI calculations and assigned a wide energy region up to ϳ28 eV. 10 In the present work, we measure the spectrum up to ϳ35 eV and perform the theoretical analysis with the SAC-CI method.
The present method calculates the O1s CEBE at 542.34 eV, in comparison with the recent experimental value of 542.543 eV. 40 Figure 6 compares the SAC-CI and XPS shake-up satellite spectra associated with the O1s ionization. The calculated and observed results of these shake-up states are summarized in Table III along with other works. As shown in Fig. 6 , both the peak positions and relative intensities of the experimental satellite spectrum are reasonably reproduced by the SAC-CI calculation, even though both of the orbital relaxation and electron correlation effect are larger for the O1s ionization than for the C1s ionization.
Like formaldehyde, the O1s satellite spectrum should have different characteristics from the C1s spectrum. 22 The different features of these spectra can be interpreted in terms of charge transfer. 7 The lowest two satellites, peaks a and b in Fig. 6 , are assigned to the conjugate satellites. The character of these satellites were previously studied by Schirmer et al. 12 The lowest monopole allowed peak 1, which is assigned to triplet −1 * transition, is calculated at 12.71 eV with a very small intensity of 0.0006. This state was also obtained by the QDPTCI at 13.76 eV. 10 The small structure is observed in the lower shoulder of peak 2 in the present XPS. Peak 2 is observed at 16.0 eV, which is the strongest with a relative intensity 0.065; this peak is calculated at 15.63 eV with an intensity of 0.014. The deviation in the intensity is large for this peak. Both bands 1 and 2 have significant contributions from a three-electron process −2 *2 compared to the C1s ionization. Contrary to the C1s ionization, peak 2 does not have a vibrational structure, as discussed in Sec. IV D. In the QDPTCI calculation, two states at 15.90 and 16.14 eV with respective intensities of 0.006 and 0.079 are calculated for peak 2. Figure 7 presents the potential energy curves of the lowlying shake-up states of O1s ionization of CO. The two 2 ⌺ + states, which are characterized as 1 −1 −1 * , are calculated near 13.0 and 15.6 eV in vertical region and their potential curves are found to be repulsive. The lower 2 ⌺ + state at ϳ13.0 eV has a contribution from a three electron process, 1 −1 −2 *2 , which explains the repulsive nature of the state. As noted in the previous section, the corresponding C1s shake-up state exists at much lower energy of ϳ8.4 eV. On the other hand, the higher singlet parent state exists at nearly the same energy of ϳ15.6 eV as the C1s ionization. In the energy region of 15-17 eV relative to the main line, two 2 ⌬ and two 2 ⌺ − states, which have the character of 1 −1 −1 * , also exist as reported in ADC͑4͒ work. 9 These states are also repulsive in nature and have almost the same transition character as the 2 ⌺ + states. We have conducted high resolution measurement for the bands in this low-energy region. These bands do not show any vibrational structures, which confirm the repulsive nature predicted by the calculations.
D. Low-lying O1s satellite states
The two shake-up satellite 2 ⌸ states are obtained near ϳ5.1 and 8.8 eV in the Franck-Condon region. The vertical ionization energies of these states were also reported to be 5.03 and 8.7 eV by the ADC͑4͒ calculations. 9 These two FIG. 6 . O1s photoelectron satellite spectrum of CO. The experimental spectrum is recorded at a photon energy of 650 eV.
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C1s and O1s spectra of CO J. Chem. Phys. 125, 114304 ͑2006͒ states are characterized as 1 −1 n −1 * with a small contribution from the three electron processes. The lower 2 ⌸ state is calculated to be deeply bound and its spectroscopic constants are R e = 1.221 Å, e = 1957 cm −1 , and e e = 14.5 cm −1 . However, the Franck-Condon region of this state is near the threshold of the dissociation limit in energy. Thus, the vibrational structure should not be observed. The same is true for the higher 2 ⌸ state. This state is much more weakly bound and its potential energy curve is almost flat. As shown in Fig.  6 , the lower 2 ⌸ state is not detected in the XPS spectrum, and the higher 2 ⌸ state has a very small intensity as expected in high energy excitation of the conjugate shake-up satellites.
V. SUMMARY
The C1s and O1s satellite spectra of CO have been measured using high-resolution x-ray photoelectron spectroscopy; numerous new peaks are resolved in the present spectra. Detailed analyses of the spectra have been performed with the SAC-CI general-R method. The general-R method, which includes triple and quadruple R operators, has well reproduced the satellite bands of the inner-shell photoelectron spectra of CO, whose orbital reorganizations and electron correlations have been recognized as to be large in the previous theoretical works.
From theoretical and experimental analysis, 16 and 12 bands have been identified in the C1s and O1s satellite spectra of CO up to about ϳ32 eV relative to the main lines. Detailed assignments have been provided for these bands and some of them are new interpretations. The satellite peaks above the −1 * transitions are mainly attributed to the Rydberg excitations that accompany the core ionizations. Many shake-up states which strongly interact with three-electron processes such as −2 *2 and n −2 *2 , have been calculated in the low-energy region. In the higher-energy region, continuous Rydberg excitations have been calculated with small intensities, which contrasts the inner-shell satellite spectra of formaldehyde. 22 For the low-lying C1s satellite bands, we have executed the vibrational analysis. Ab initio analysis is well correlated to the experimental data, namely, one 2 ⌺ + state and two 2 ⌸ shake-up states are confirmed to be attributed to the vibrational structures observed in the experimental spectra; the shake-up 2 ⌬ and 2 ⌺ − states are predicted to be above the vibrational bands. This excellent agreement confirms the reliability of the present ab initio potential curves of these shake-up satellite states. For the O1s shake-up states, the potential curves have been calculated to be weakly bound or repulsive.
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